Introduction
Antimony (Sb) is a well-known, naturally occurring and highly toxic and carcinogenic metalloid element [1] . It occurs predominantly in two forms of oxidation states (+III and +V) in natural water bodies [2] . Long-term excessive intake of Sb can seriously affect human health, causing liver and lung injury and weakening of the human immune system [3] ; thus, antimony is listed as a dangerous substance in many countries or by international organizations. Within the global context, China has significant reserves of antimony ores and ranks first in the world for the production of antimony. Long term high-intensity mining and smelting activities have produced a serious legacy of antimony pollution for China [4] . Hence, the prevention and purification of antimony-contaminated water is an issue requiring urgent attention. In addition, other sources of antimony pollution occur more frequently, at lower levels around industrial manufacturing of metallic and plastic components.
Purification of antimony-containing water has been extensively researched through a number of unit processes [5] [6] [7] [8] . Among these technologies, adsorption is considered to be promising due to its simple operation, cost effectiveness and potentially eco-friendly applications [9] . Consequently many adsorbents, such as, activated carbon [10] , metal oxides [11] , natural minerals [12] and municipal sewage sludge [3] has been investigated for its removal from aqueous solution. As a frequently used adsorbent, incorporation of ferriferous oxide (Fe 3 O 4 ) in water treatment combines good adsorption properties with the potential for magnetic separation from the liquid phase allowing re-use after
Materials and Methods

Preparation of Fe 3 O 4 @HCO Composite Adsorbent-Sodium Alginate Microbeads
A known amount of Fe 3 O 4 @HCO adsorbent and SA were weighed and ground in a mortar; then, mixed well in a beaker with water. The Fe 3 O 4 @HCO/SA composite liquid was obtained; the bubbles in the solution disappeared completely on leaving the solution to rest. SAB were prepared by the drop wise addition of the aqueous Fe 3 O 4 @HCO adsorbent-sodium alginate colloidal solution into a beaker containing calcium chloride solution (5%, w/v) using stirring. The microspheres were agitated in CaCl 2 solution for approximately 4 h until they were cross-linked completely. They were then collected and washed three or four times with distilled water and absolute ethanol. Lastly, they were dried at 50 • C.
Processes 2020, 8, 44 3 of 12 The optimum concentration ratio of SA to Fe 3 O 4 @HCO adsorbent was determined by observing the morphology of microspheres dropped into calcium chloride solution and dried.
Characterization Methods
Particle morphology and crystallinity of SAB were characterized on a scanning electron microscope (SEM, Gemini SEM 500, Carl Zeiss AG, Oberkochen, Germany). Elements content on the surface of SAB were quantitatively measured using an energy dispersive spectrometer (EDS) spectrum analyzer (EDXA, Bruker XFlash 5010, Bruker AXS Microanalysis, Berlin, Germany). X-ray diffraction (XRD; D8 Advance, Brook AXS Ltd., Karlsruhe, Germany) was used to analyze the compounds present in the precipitate before and after adsorption of Sb (III) by SAB. The structures of surface functional groups and pore of SAB were determined by Fourier transform infrared spectroscopy (Nicolet 6700, Thermo Fisher, Waltham, Massachusetts, USA). X-ray photo-electron spectroscopy (XPS, Thermo Scietific: Esala 250Xi, Thermo Fisher, Waltham, Massachusetts, USA) spectra were used to investigate the surface elemental compositions and functional groups.
Batch Adsorption Experiments
An adsorption test was executed in a sequence batch device. The effects of pH (2-9), temperature (25 • C) and coexisting anions (NO 3− , SO 4 2− , PO 4 3− , SiO 3 2− ) on Sb (III) removal performance onto SAB were investigated. The 1.0 g/L antimony standard reserve solution was prepared by dissolving C 8 H 4 K 2 O 12 Sb 2 (2.738 g) in 1.0 L distilled water. The solutions of different concentrations were obtained by appropriate dilution, and the pH was adjusted using either 0.1 mol L −1 hydrochloric acid or 0.1 mol L −1 sodium hydroxide solution. The interfering ions used in the experiment were all anionic sodium salts. All experiments were repeated in three groups. Sorption isotherm experiments were carried out by adding 0.4 g of SAB adsorbent into 100 mL of Sb (III) solution (pH 7.0 ± 0.1) and varied from 5 to 100 mg/L. It was then oscillated for 144 h at 150 revolutions per minute at 25 • C; the residual Sb concentration in water was measured as mentioned before. Kinetic experiments were performed by adding 0.4 g of SAB adsorbent into 100 mL of 100 mg/L Sb (III) solution (pH 7.0 ± 0.1). Samples were taken at the following intervals: 3, 6, 9, 12, 24, 36, 48, 72, 96, 120 and 144 h, after start of the reaction and then filtered to measure the residual Sb (III) concentration in solution. The removal rate (R%) and adsorption at equilibrium (q e ) of Sb (III) can be obtained by the following formula:
where C 0 and C e (mg/L) are the initial and equilibrium concentrations of Sb (III) in the aqueous, respectively; q e (mg/g) is the amount of adsorptions capacity; V (L) is the volume of the solution; m (g) is the dry-weight of the adsorbent.
Analysis
In accordance with the literature, the concentration of antimony was measured by an atomic fluorescence photometer, with which the minimum detection concentration was less than 1 µg/L [32] . All samples were analyzed within one day after sampling, and blank control experiments were performed with distilled water. The recovery of Sb (III) was over 90.0% using this test.
Results and Discussion
SAB Spheroidizing Effect
The spheroidization of Fe 3 O 4 @HCO and SA microspheres with different concentrations is shown in Table 1 and Figure A1 . It can be seen from Table 1 that SAB microspheres have a better spheroidizing effect when the concentration of the Fe 3 O 4 @HCO to SA ratio is between 1.25 and 1.33 ( Figure A1 ). Considering the shape of the pellets, the concentration of Fe 3 O 4 @HCO was 2.5%, and that of SA was 2%. 
Characterization
SEM images of SAB before and after Sb (III) adsorption are shown in Figure 1 . Before adsorption, SAB was mainly granular with a smooth surface ( Figure 1a ). Also, as shown in Figure 1a , some cross-linking is visible and porosity is high, which indicates that Fe 3 O 4 @HCO adsorbent was encapsulated in sodium alginate network [15] . At the same time, the X-ray analysis (EDS) ( Figure 1a ) showed that the main elements of SAB were O (38.86%), Ce (13.07%), Fe (13.46%), C (8.82%) and Cl (9.21%), implying that the chemical compositions of this adsorbent iron oxides and cesium oxides. The surface morphology of SAB adsorbed Sb (III) changed to some extent, and the surface was rough and the porosity was reduced ( Figure 1b ). EDS spectra show that the weight percentage of Sb increases to 2.46%, which indicates that Sb is adsorbed by SAB [33] .
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SEM images of SAB before and after Sb (III) adsorption are shown in Figure 1 . Before adsorption, SAB was mainly granular with a smooth surface ( Figure 1a ). Also, as shown in Figure 1a , some crosslinking is visible and porosity is high, which indicates that Fe3O4@HCO adsorbent was encapsulated in sodium alginate network [15] . At the same time, the X-ray analysis (EDS) ( Figure 1a ) showed that the main elements of SAB were O (38.86%), Ce (13.07%), Fe (13.46%), C (8.82%) and Cl (9.21%), implying that the chemical compositions of this adsorbent iron oxides and cesium oxides. The surface morphology of SAB adsorbed Sb (III) changed to some extent, and the surface was rough and the porosity was reduced ( Figure 1b ). EDS spectra show that the weight percentage of Sb increases to 2.46%, which indicates that Sb is adsorbed by SAB [33] . The XRD patterns before and after the adsorption of Sb (III) by SAB are shown in Figure 2a . For SAB, five diffraction peaks were observed across 2θ (20°-60°) of 26.57°, 28.50°, 33.07°, 47.44° and 56.33°, which agreed with the characteristic peaks of Fe3O4 and CeO2 [15] . Moreover, the XRD spectra of SAB were retrieved and analyzed by Jade (Materials Data Inc., Livermore, CA, American), and it was found that CeO2, Fe3O4 and FeCeO4 were present within SAB. Therefore, it can be inferred that FeCe2O4 was synthesized by the compound reaction of CeO2 and Fe3O4 in the process of SAB synthesis. Phase analysis of the product residues showed that CeSbO3, SbO3, FeSbO4 and FeSbO6 were in the remaining material. It can be inferred that CeO2, Fe3O4 and FeCeO4 can react with Sb (III) in the [15] . Moreover, the XRD spectra of SAB were retrieved and analyzed by Jade (Materials Data Inc., Livermore, CA, American), and it was found that CeO 2 , Fe 3 O 4 and FeCeO 4 were present within SAB. Therefore, it can be inferred that FeCe 2 O 4 was synthesized by the compound reaction of CeO 2 and Fe 3 O 4 in the process of SAB synthesis. Phase analysis of the product residues showed that CeSbO 3 in the process of SAB adsorbing Sb (III). In conclusion, the adsorption of Sb (III) by SAB is mainly because of the synergistic adsorption of Fe oxides and Ce oxides in SAB.
attributed to the stretching vibration of hydroxyl groups in free water [34] . The absorption peaks at 1617 cm −1 , 1427 cm −1 and 1117 cm −1 are the bending and vibration absorption peaks of -COO-, C-O-C and -OH in SA, respectively [35] . The absorption peak at 1027 cm −1 is the bending and vibration absorption peak of -OH corresponding to iron [34] . The absorption peak at 478 cm −1 is the bending and vibration absorption peak of Fe-O offset in the presence of Ce, which may be caused by the increase of cation vacancy in the lattice [36] , indicating that Ce occupies the original position of Fe and forms new bonds with the surrounding atom [20] . Meanwhile, the C-O-C absorption peak at 1427 cm −1 , after SAB adsorbed Sb (III) shifted slightly as shown the Figure 3b . It can be inferred that Sb (III) complexation occurs with functional groups in SAB. XPS, as we know, can measure the composition of the residual products after SAB has adsorbed Sb (III) [15, 20] . As shown in Figure 2c , full scan spectra show that Ce, Fe, Sb, O and C are present in the remaining products, indicating that Sb is adsorbed by SAB. To learn more about the electronic states of the Sb (III) element, high resolution spectral analysis of Sb was also carried out ( Figure 2d ). The binding energies of Sb (3d5/2) and Sb (3d3/2) detected by XPS were 529.78 and 539.03 eV, respectively. According to the chemical state database of XPS, the residual product has Sb (V) on the surface, and the original water solution used in the experiment was Sb (III) solution. This indicates that there was redox reaction in the process of adsorption, which is basically consistent with the results of Qi [20] . The Figure 2b shows the FTIR spectra before and after the adsorption of Sb (III) by SAB Figure 2b . As shown in Figure 2b , the absorption peaks which appear at 3397 cm −1 and 2927 cm −1 can be attributed to the stretching vibration of hydroxyl groups in free water [34] . The absorption peaks at 1617 cm −1 , 1427 cm −1 and 1117 cm −1 are the bending and vibration absorption peaks of -COO-, C-O-C and -OH in SA, respectively [35] . The absorption peak at 1027 cm −1 is the bending and vibration absorption peak of -OH corresponding to iron [34] . The absorption peak at 478 cm −1 is the bending and vibration absorption peak of Fe-O offset in the presence of Ce, which may be caused by the increase of cation vacancy in the lattice [36] , indicating that Ce occupies the original position of Fe and forms new bonds with the surrounding atom [20] . Meanwhile, the C-O-C absorption peak at 1427 cm −1 , after SAB adsorbed Sb (III) shifted slightly as shown the Figure 3b . It can be inferred that Sb (III) complexation occurs with functional groups in SAB.
XPS, as we know, can measure the composition of the residual products after SAB has adsorbed Sb (III) [15, 20] . As shown in Figure 2c , full scan spectra show that Ce, Fe, Sb, O and C are present in the remaining products, indicating that Sb is adsorbed by SAB. To learn more about the electronic states of the Sb (III) element, high resolution spectral analysis of Sb was also carried out ( Figure 2d ). The binding energies of Sb (3d 5/2 ) and Sb (3d 3/2 ) detected by XPS were 529.78 and 539.03 eV, respectively. According to the chemical state database of XPS, the residual product has Sb (V) on the surface, and the original water solution used in the experiment was Sb (III) solution. This indicates that there was redox reaction in the process of adsorption, which is basically consistent with the results of Qi [20] . 
The Effects of pH, Temperature and Coexisting Ions
Initial pH is one of the most important parameters affecting adsorption performance and adsorption capacity. For the study, experiments were performed at pH values varying from 3 to 9. As seen in Figure 3a , the adsorption ability of SAB microspheres is most effective within the pH range of 4-7, but decreases when pH is greater than 7 or less than 3. The SAB microspheres have the strongest adsorption capacity for Sb (III) ions at pH of 7, consistent with Deng's previous research [21] . Sb (III) mainly exists in the form of Sb(OH)2 + when pH is 2 [37] , thereby competing with H + and Sb(OH)2 + ; hence, reducing the Sb (III) removal efficiency [38] . At pH of more than 9, the oxidation of Sb (III) was reinforced [39] , and thus it inhibited the production of iron oxyhydroxide and reduced the solubility of iron ions, thereby causing in a decrease of Sb (III)'s adsorbing performance [21] by Fe3O4@HCO. So, SAB adsorption of Sb (III) can be applied to a wide range pH values and presents a broad potential application range.
The effect of temperature on the Sb (III) removal rate is readily seen in Figure 3b . The removal efficiencies at 20 °C and 30 °C are 85.4% and 89.8%, respectively. The results show that with ascending temperature, the removal rate of Sb (III) increases, indicating that the adsorption of Sb (III) is an endothermic process in this adsorption system, consistent with previous study of the adsorption of metal ions by an iron matrix [33] .
Considering the existence of ions in antimony-containing wastewater, we investigated the effect of some coexisting ions (NO 3− , SO4 2− , PO4 3− , SiO3 2− ) on the adsorption of Sb (III) by SAB, as indicated in Figure 3c . The results show that the added anions, including NO 3− and SO4 2− , have no significant effect on Sb (III) sequestration. This could be because that the interaction between NO 3− and SO4 2− with SAB is mainly through outer complexation, and thus, the effect on the adsorption of Sb (III) is not significant [6, 40] . Together, 1 mM PO4 3− and 1 mM SiO3 2− inhibited the adsorption of Sb (III) by SAB, but again, the effect was not great. This may be because low the concentrations of PO4 3− and 
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Considering the existence of ions in antimony-containing wastewater, we investigated the effect of some coexisting ions (NO 3− , SO 4 2− , PO 4 3− , SiO 3 2− ) on the adsorption of Sb (III) by SAB, as indicated in Figure 3c . [41] , resulting in the increase of contact area between SAB and Sb (III), promoting the adsorption of Sb (III) to a certain extent. However the promotion mechanism of SiO 3 2− on the adsorption of Sb (III) by SAB remains to be further studied.
Adsorption Isotherms
Isothermal adsorption models can provide information on adsorption mechanisms, surface properties and affinities of adsorbents [21, 23, 33] . In this research, the adsorption of Sb (III) solutions at different concentration was studied at pH 7, at 25 • C, over 144 h. To determine the mechanistic parameters related to Sb (III) adsorption, we used Langmuir model, Freundlich model and D-R model to study the relationship between Sb (III) adsorption in an aqueous solution and its residual amount in the adsorption process [15] . The equilibrium constants and correlation coefficients of adsorption isotherm model of SAB for Sb (III) are shown in Figure 4 and Table 2 . The experimental results show that the adsorption data is a linear fit, and thus agrees well with Langmuir adsorption isotherm model (R 2 > 0.99), indicating that the adsorption process of Sb (III) by SAB belongs to a single layer adsorption process, which is consistent with the conclusions of other researchers [20, 21, 33, 42] . Additionally, the Q max value for SAB was found to be 17.338 mg g −1 , which was close to the experimental value (15.368 mg g −1 ), which demonstrated that it has good adsorption properties in comparison with other containing or iron loaded composite adsorbents, such as MnFe 2 O 4 adsorption Sb (III) (10.66 mg g −1 ) [43] and nano FeOOH modified zeolite adsorption Sb (III) (7.17 mg g −1 ) [19] .
The Freundlich adsorption isotherm model shows that Sb (III) is easily adsorbed by SAB (1/n < 0.5), which provides a good condition for adsorption [44] . The data of D-R adsorption isotherm model further indicated that the adsorption process belongs to chemical adsorption (E > 16 KJ/mol) [45] .
SiO3 2− can compete with Sb (III) for the sites of SAB through specific adsorption. In contrast, 10 mM PO4 3− and 10 mM SiO3 2− resulted in a small enhancement on the adsorption of Sb (III) by SAB. For PO4 3− , this may be because the higher concentration of Na3PO4 solution can dissolve SAB microspheres [41] , resulting in the increase of contact area between SAB and Sb (III), promoting the adsorption of Sb (III) to a certain extent. However the promotion mechanism of SiO3 2− on the adsorption of Sb (III) by SAB remains to be further studied.
Isothermal adsorption models can provide information on adsorption mechanisms, surface properties and affinities of adsorbents [21, 23, 33] . In this research, the adsorption of Sb (III) solutions at different concentration was studied at pH 7, at 25 °C, over 144 h. To determine the mechanistic parameters related to Sb (III) adsorption, we used Langmuir model, Freundlich model and D-R model to study the relationship between Sb (III) adsorption in an aqueous solution and its residual amount in the adsorption process [15] . The equilibrium constants and correlation coefficients of adsorption isotherm model of SAB for Sb (III) are shown in Figure 4 and Table 2 . The experimental results show that the adsorption data is a linear fit, and thus agrees well with Langmuir adsorption isotherm model (R 2 > 0.99), indicating that the adsorption process of Sb (III) by SAB belongs to a single layer adsorption process, which is consistent with the conclusions of other researchers [20, 21, 33, 42] . Additionally, the max Q value for SAB was found to be 17.338 mg g −1 , which was close to the experimental value (15.368 mg g −1 ), which demonstrated that it has good adsorption properties in comparison with other containing or iron loaded composite adsorbents, such as MnFe2O4 adsorption Sb (III) (10.66 mg g −1 ) [43] and nano FeOOH modified zeolite adsorption Sb (III) (7.17 mg g −1 ) [19] .
The Freundlich adsorption isotherm model shows that Sb (III) is easily adsorbed by SAB (1/n < 0.5), which provides a good condition for adsorption [44] . The data of D-R adsorption isotherm model further indicated that the adsorption process belongs to chemical adsorption (E > 16 KJ/mol) [45] . 
Adsorption Process and Kinetics
Adsorption kinetic models can be utilized to fit experimental data, and thus provide potential rate profile, and information on the adsorption mechanism and the feasibility of chemical adsorption 
Adsorption kinetic models can be utilized to fit experimental data, and thus provide potential rate profile, and information on the adsorption mechanism and the feasibility of chemical adsorption in the process of adsorption [46] . In order to understand the process, in this study the kinetics were analyzed using pseudo-first-order kinetics, pseudo-second-order kinetics, Elovich kinetics and intra-particle diffusion kinetics [15] . The kinetic models of Sb (III) absorption on SAB are shown in Figure 5 , with the equilibrium constants and correlation coefficients of the kinetic models described in Table 3 . The results show that the pseudo-second-order kinetics and Elovich kinetics fit better with the experimental data (R 2 > 0.99), which indicates that the parameters were better relatively. It also shows that the adsorption process could be approximated the pseudo-second-order and Elovich kinetics [33, 47] . It was surmised that the soak up on SAB for Sb (III) was predominantly chemical. At the same time, the kinetic constants and parameters of intra-particle diffusion in Figure 5 and Table 3 indicate that the internal diffusion dominates but is not the only adsorption mechanism in the process of SAB adsorption for Sb (III). Initial rapid reaction phase is usually interpreted as a high-affinity site adsorption or a precise adsorption of the adsorbent on the adsorbent surface [20] , and the surface adsorption process is affected by the thickness of the boundary layer. Furthermore, the rate of SAB adsorption for Sb (III) is controlled by the boundary layer effect and external mass transfer effect [38] . 
Adsorption Mechanisms
Compared with the results of different isothermal adsorption models, the experimental data for Sb (III) sorption onto SAB are consistent with the Langmuir adsorption isothermal model, and fit best with pseudo-second-order model. It can be shown that the whole adsorption process of Sb (III) is a single layer adsorption process controlled by the chemical reaction at the solid-liquid interface [20, 48] . Meanwhile, the Elovich model also fits well, indicating that there is diffusion reaction in the adsorption process [20, 49] .
The FTIR results of SAB have shown that there are many surface hydroxyl groups on its surface, and abundant surface hydroxyl groups (alginate) are the main reason for its superior adsorption performance for antimony [50] . The XRD results showed that the residual products after adsorption contained FeSb2O4, FeSb2O6 and CeSbO3. It can be speculated that in the adsorption process, there is an ion exchange reaction between Sb(OH)3 0 and the surface hydroxyl group of Fe3O4 [8, 51] . In addition, HCO in SAB also exchanges anionic ligands with SbO3 3− [20,52]. Figure 5 . Adsorption kinetics of Sb (III) on SAB adsorbent: (a) pseudo-first-order kinetics, pseudo-second-order kinetics and Elovich kinetics, (b) intra-particle diffusion kinetics. Table 3 . Calculated kinetic parameters for the adsorption of Sb (III) onto SAB.
Conclusions
Models
Pseudo-First-Order Pseudo-Second-Order Elovich Intra-Particle Diffusion
Parameters q e = 14.886 mg g −1 q e = 17.661 mg g −1 a = 2.266 a 1 = −0.299 mg g −1 K 1 = 0.048 min −1 K 2 = 0.003 min −1 b = 0.277 K 41 = 2.035 mg g −1 h −0.5 R 2 = 0.982 R 2 = 0.995 R 2 = 0.992 R 2 = 0.987 a 2 = 8.427 mg g −1 K 42 = 0.632 mg g −1 h −0.5 R 2 = 0.981
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Adsorption Mechanisms
The FTIR results of SAB have shown that there are many surface hydroxyl groups on its surface, and abundant surface hydroxyl groups (alginate) are the main reason for its superior adsorption performance for antimony [50] . The XRD results showed that the residual products after adsorption contained FeSb 2 O 4 , FeSb 2 O 6 and CeSbO 3 . It can be speculated that in the adsorption process, there is an ion exchange reaction between Sb(OH) 3 0 and the surface hydroxyl group of Fe 3 O 4 [8, 51] . In addition, HCO in SAB also exchanges anionic ligands with SbO 3 3− [20, 52] .
Conclusions
In brief, Fe 3 O 4 @HCO adsorbent was synthesized by an improved co-precipitation method and encapsulated into sodium alginate microbead (SAB), with the aim of removing antimony ions from an aqueous solution. The SAB adsorbent was found to have a high removal rate (80%-96%) for Sb (III) solution within the concentration range 5-60 mg L −1 . The adsorption process of SAB fits perfectly with the Langmuir and pseudo-second-order kinetics models. The removal principle for Sb (III) was synergy of chemisorption (ion exchange) and physisorption (diffusion reaction). The synthetic process for the preparation of SAB is simple; costs are low; and it is eco-friendly, as the main components, Fe 3 O 4 and polishing sludge, are content affluent and environmentally friendly. In addition, the loaded sorbent can be easily recovered from water.
